Research Forester
The systematic forest planting of eucalypts and other exotic trees in Hawaii began almost 100 years ago. According to Margolin (19H) "the first commercial stand was established in 1882.
It produced fuel for a sugar cane plantation in a district where supplies of native trees had been depleted. More recent research (Bryan, i960) indicates that the first large planting occurred before I87O. Later eucalypts came to be recognized as the best all-around trees in many situations. They were grown extensively to protect denuded watersheds, as shields against the almost daily trade winds, and for the production of fuel and fence posts. On the whole, fore station for watershed protection remained the dominant aim until rather recently. Today, emphasis is directed to the use of eucalypts for lumber and veneer.
By 1910 cultural practices for the nursery propagation of eucalypts were well systematized, and species had been planted. In many respects practices described by Margolin in 1911 differed little in detail from those reported by Cossitt in i960. In principle, standards for selection of planting sites and methods for site preparation and field planting were much the same as those recommended by Zschokke in 1930. Most of these standards and methods are still in use. The major recent changes have been the substitution of heavy tractors for hand tools and animaldrawn plows in clearing sites before planting.
The total of all tree plantings in the Islands by i960 was estimated by State Forester Walter W. Holt at about 90,000 acres, impressive for a state with a land area of only four million acres. The fraction of this planting which consisted of eucalypts is not known, but it must be more than half.
Of the total trees originally planted, many were used as windbreaks and for small woodlots. The net acreage of surviving tree plantings is substantially less than the total of 90,000 acres. Some acres have been destroyed by a variety of agents, such as domestic and feral livestock, competing vegetation, and fires. Some have been harvested for fuel and other products. Probably more have been removed to clear the land for cultivation and pasture. The present net acreage of plantings, not counting windbreaks, has been estimated by U. S The largest and newest of the principal islands, Hawaii has active volcanoes and thus is still in the stage of building. The maximum elevation is 13,796 feet, but most of the land lies below 5,000 feet and half is below 2,000 feet.
TEMPERATURES
Temperatures in the areas suited to production of timber can be described as warm with remarkably little daily or seasonal variation. According to the Hawaii Water Authority (1959) , temperatures rarely exceed 90°F., except at the driest locations, and minimums at elevations below 2,000 feet seldom drop below 55°F. The mean daily temperature at low elevations ranges from 10°F. to l8°F. The difference in mean temperature between the warmest and coldest months is only 5°F. to 8°F. In the elevational zone from 2,000 to 6,000 feet, the atmosphere is distinctly cooler, but freezing temperatures are rare. The Honaunau Forest of the Bishop Estate on the western side of the Island of Hawaii reasonably represents the kind of land that is being planted. The lowest elevation is 2,200 feet and the highest is somewhat over 4,700 feet. Carlson and Bryan report (1959) that "temperatures range from 80°F. down to 32°F. " and "there may be occasional light frosts at 4,750 feet."
A temperature of 26°F. has been reported at 5,100 feet elevation in the Hilo Forest Reserve (Bryan, 19^7 ) 
PRECIPITATION
Rain falls abundantly throughout the islands as a whole. The median annual rainfall is 72 inches, but wide local variations exist (Hawaii Water Authority, 1959) °On six of the seven largest islands the range extends from less than 18 to more than 250 inches per year. In some areas which become shrouded in cool, heavy clouds almost daily, fog drip from forest vegetation may add significantly to the total precipitation.
-2-On Maui and Hawaii, which have the highest mountains, the greatest, precipitation occurs on the easterly windward sides of the islands at relatively low elevations from 2,000 to 3,000 feet. 194l.
-3-
SOILS
Virtually all soils in Hawaii have developed from lava and volcanic cinder.
Those available for timber production (not occupied for agriculture, cities, and other special purposes) are generally shallow and-many are almost unbelievably rocky for highly productive timber sites. Lava solidifies into two greatly differing forms of rock--pahoehoe and aa. Pahoehoe hardens in ropy continuous masses to form relatively impervious sheets.
Subsurface drainage often is poor. Aa hardens while in motion to form broken masses of porous clinkers that are highly pervious to water.
Under the influence of moderate to heavy rainfall, warm temperatures, and abundant vegetation, lava rapidly weathers into fine-textured soil.
Depth and drainage differ greatly within short distances in the rough, broken topography.
In areas suitable for growing timber, soils are usually acid in reaction-sometimes strongly acid. Organic litter decomposes and disappears very quickly. In most places in eucalypt forests mineral soil is covered only by litter that has fallen within less than a year.
Except in the areas of heaviest rainfall, ponds and streams that run continually are uncommon. Most water from rains penetrates into crevices in the underlying lava rock and sinks to great depths.
SPECIES
The total number of species of eucalputs that has been introduced is not known, but undoubtedly exceeds 100. Presumably many kinds have been brought in at different times without any formal records. However, chronicles of introductions by the Hawaii Forestry Division have been rather well maintained, and this organization has been instrumental in propagating and testing many species. The records and publications of the Division therefore provide the basis for most of the descriptions in this section.
CHECKLIST OF COMMON NAMES
A list of common names of many trees that have been planted in Hawaii has been prepared by the Hawaii Forestry Division and the Forest Service (Bryan and Walker, 1962 Many common names have been modified from those of Australia to conform with current usage in Hawaii and with naming practices of the Forest Service. Some of these common names will appear cumbersome and strange to those who are familiar with Australian terminology, but they were necessary for several valid reasons. The Federal Trade Commission restricts the use of "mahogany," when describing wood products, to the genus Swietenia .
"Gum" is ambiguous because it is a local name for several -ktrees in the United States.
"Ash" means Fraxinus to English-speaking people in North America and "mountain -ash" is Sorbus . We can use such names as swampmahogany (E. rohusta ) only "by using that form or by adding the Latin generic name. The problem of common names for the more widespread and abundant species --E. globulus , E. robusta , and E. saligna --has been neatly solved by calling them "bluegum eucalyptus," "robusta eucalyptus," and "saligna eucalyptus." These names will be readily understood by botanists and foresters. They undoubtedly will quickly be shortened to "bluegum," robusta," and "saligna" in spoken language and popular writing. 
COMPARISON WITH OTHER TREES
Economically, the native trees of Hawaii do not offer exceptionally serious competition to the more promising eucalypts. Among these native species, only two are both widespread and abundant, koa ( Acacia koa ) and ohia ( Metrosideros collina) .
Koa grows to rather large size and produces good quality hardwood of high density that has figure and color suitable for furniture, veneer, and handcraft articles. Its form often is poor and per -acre yields are not high. Some foresters suspect that if koa is protected and managed, it may perform better than has been generally assumed from the evidence supplied by mismanaged wild forests. Ohia is very widespread and much more abundant than koa. The wood is objectionably hard and sawing and seasoning are difficult. Owing to poor form, yields are exceedingly low. Many stands of ohia are no more than shrubs.
Introduced trees of other genera offer most of the competition to eucalypts for use in planting, either for wood products or other purposes.
A vast number will grow in Hawaii. The forest policy makers of Hawaii are faced by a rather strange but serious dilemma--too many promising species from which to choose.' These include trees of such diverse origins and kinds as Tectona, Swietenia , Sequoia , Araucaria, Fraxinus , Acacia , and subtropical and temperate zone species of Pinus .
The utility of various species suitable for Hawaii, both eucalypts and others, has received a fair amount of study. The reports of studies cited in this section are based largely but not wholly upon wood grown in Hawaii and upon the economic situation there. Promising fields for use of sawtimber-size eucalypts in Hawaii lie in plywood and the so-called "factory-type" lumber for cabinet work, furniture, and flooring. Neither now nor in the near future will they be able to compete successfully for structural purposes on a major scale with the abundant, high grade, lighter weight, and easily worked softwoods from the Pacific Coast of North America. At present, small quantities of eucalypts, chiefly E. robusta , are being successfully manufactured and marketed for such products as flooring, furniture wood, wall panels, interior trim, shipping pallets, cross arms for telephone and electricity transmission line poles, and stakes used in irrigation systems.
Physical and mechanical properties of E. robusta and several other woods grown in Hawaii have been studied by the Forest Products Laboratory and described by Youngs (i960) . His report provides detailed information on these properties and makes comparisons with properties of other Hawaii -grown woods and United States mainland species. He pointed out that the high shrinkage and interlocked grain ©f Hawaii -grown E. robusta lead to serious problems in drying.
The Forest Products Laboratory has studied pulping and paper-making qualities of eucalypts in considerable detail, although not with Hawaiigrown wood Keller, Kingsbury, and Fahey, 1958 )°From these investigations and experience and research elsewhere the pulping properties of eucalypts are rather well understood. The genus appears to have considerable use for pulp products.
But wood pulp is not likely to become a major objective of timber production in Hawaii in the near future. The relatively limited local market could not absorb the whole output of a large, efficient, modern pulp plant. In national and international trade a wood pulp mill in Hawaii probably could not compete with other producers.
In form and strength eucalypts are well adapted for fence posts. Strohman (1957) has reported on wood preservative treatment of eucalypts for this purpose.
The usefulness of Hawaii eucalypts in comparison with other genera for wood products is fairly well understood. Major disadvantages of the eucalypts are weight, hardness, and problems of drying. Major advantages are (a) the presence of a considerable supply of merchantable size material of comparatively uniform size and quality that will continue to increase -9-in the immediate future; ("b) |7 In addition, about 300,000 trees per year are to be produced in State nurseries for use on privately conducted tree planting projects.
-11-The recent re -evaluation of the forest planting program, especially the greater emphasis upon timber production, has caused striking changes both in the choice of species of eucalypts and in the number of species to plant.
In the earliest private plantings, E. globulus was widely grown.
A little later E. robusta was planted extensively by the Forestry Division because it was well adapted to certain habitats where forest cover was wanted.
As a result the bulk of the presently merchantable eucalypts are of the latter species .
In the new program, E. saligna exceeds the total of all other eucalypts and E. robusta has been reduced to only 8 percent. The Division plans to plant eucalypts mainly on habitats that it does not consider as favorable for more valuable timber species.
The number of species has also been greatly reduced. From July 1, 1956 to June 30> 1959> the Board of Commissioners of Agriculture and Conservation reported that 38 species and 1 variety of eucalypts had been planted on Forest Reserves.^Some of these 39 eucalypts were planted in very small numbers for purposes of testing, but the reduction from 39 "to 5 is nonetheless significant. Under the new program, the number of kinds to be planted was reduced partly to concentrate upon the more promising timber species and partly to simplify future use.
CULTURE NURSERY PROPAGATION
Nursery propagation techniques for eucalypts in Hawaii are much the same as those in several other regions of the world and thus require little comment or special explanation. The seeds are sown in small, shallow, wooden trays in sterilized soil which contains a rather high percentage of sand and organic material. -Seedlings are transplanted into similar trays at a density of about 30 P er square foot when about 6 weeks old. After being shaded for 7 to 10 days, these trays are placed on raised platforms in full sunlight. The trees are ready to field plant within a few months. They are carried to the planting sites In the transplant trays and are removed with small blocks of soil immediately before planting.
Nematoda are sometimes a serious nursery pest. To control them, careful sterilization of the soil by steaming or fumigation is necessary.
In April 1959 > Bryan and Carlson tested the bare -root planting of E. saligna . One thousand seedlings were packed in moss and shipped to Honaunau Forest. The roots were treated with a growth hormone (kind not stated), and planted at once. Twenty-five months later, k^l of the trees were alive (k-5 percent).
The tallest one had reached 3^feet in height and the average, 10 feet. Other types of heavy land clearing and cultivating equipment are also being tried on a limited scale.
The trees are set into holes dug with various types of mattocks and other tools for digging.
In the past, trees in forest plantations have been spaced from about 8 x 10 feet to as wide as 10 x 20 feet. For watershed protection wide spacing is satisfactory, but for timber production 10 x 10 feet or 8 x 12 feet should be the maximum. The latter arrangement is generally used because planting production rates are slightly higher when trees are spaced at 8-foot intervals in rows 12 feet apart.
7 Basis:
15 trees per treatment.
Planting is possible during most months, but some places are seasonally too wet or too dry. In certain instances planting is scheduled to correspond with periods when agricultural labor is available. For example, on Honaunau Forest of the Bishop Estate trees are planted in May, June, and July, partly because this is a favorable time to plant and partly because a labor surplus exists then (Carlson and Bryan, 1959 )» Ordinarily, young eucalypt plantations require no followup care except to exclude browsing animals.
In some instances, aggressive vegetation must be removed once.
RELATION TO HABITAT
Based on a great many observations, Bryan (19^-7) prepared a table that shows his ranking of the vigor of growth of 68 eucalypt s in three elevational zones --less than 2,500 feet, 2,500 to 6,000 feet, and over 6,000 feet. Vigor was ranked as "excellent," "good," "fair," "poor," and "dead. " Many species were observed only in the lowest elevational zone, and some were seen only in the intermediate or highest zone. Only seven species were recorded in all three zones. Ages of the trees are not shown.
Nevertheless, this is a valuable record of adaptability and relative performance.
Recently a more complete evaluation was made of the relationships of elevation, drainage, rainfall, and broad categories of soil for E. saligna , E. resinifera, E. microcorys , E. umbellata , E. deanei , E. viminalis , and E. robusta (Carlson and Bryan, 1959 )-Although expressed in relatively general terms, descriptions form an additional valuable record for the guidance of foresters.
In i960 the Forest Service and the Hawaii Forestry Division conducted a detailed study of the growth of E. robusta , E. saligna , Fraxinus uhdei , and Toona ciliata var. australis on the island of Hawaii, (Pickford and LeBarron, i960 ) .
Two 1/10 -acre plots were measured for each of the two eucalypt species in eight different plantations, and one additional l/10-acre plot was taken in each of two additional stands of E. saligna . These plots were located in stands where survival and stocking were moderately good or better in order to determine the potentialities of the trees in the specific habitats. Locations were chosen to sample a wide variety of habitat conditions. The two eucalypts grew about equally well within the ranges of elevation and rainfall where they were found. Soil depth and soil drainage both appeared to be important though the number of plots was too small and the soil examinations were too superficial to warrant positive conclusions.
The ages could not be determined at which maximum yields and highest mean annual growth occurred. The E. saligna trees were somewhat superior to the E. robusta in stem form and natural pruning. In one instance, E. robusta was seen to be aggressively invading an E. saligna stand by seeding.
Some of the invaders were at least kO or 50 feet tall.
Under tropical rain forest conditions E. robusta shows a curious condition on all major islands in Hawaii. Roots start from adventitious buds on the stem at heights of 20 to kO feet and grow downward, usually through the bark into the soil. The lower stems of occasional E. robusta become completely encased by an interwoven mass of these aerial roots, some of them eight inches in diameter. We have been told that this does not occur in Austalia. Perhaps here is a clue that the species is a relict from a humid, tropical climate in an ancient era when aerial rooting may have been a common habit of growth.
MANAGEMENT AND HARVESTING
Considerable numbers of E. robusta have been harvested on a piecemeal basis for such special products as poles and pilings. Some stands have been cut clean and some have been cut "selectively. " These cuttings have not generally been made with a silvicultural control or method in mind. Consequently in this context, "to select" means to remove trees that will serve the purpose of the cutter.
Nevertheless, past cuttings give some clues for future silvicultural management. The stumps sprout prolifically and the new shoots grow rapidly even in lightly cut stands. Some coppice shoots are severely suppressed by the faster growing ones. The weaker ones usually die, but artificial removal of all but the one best sprout per stump would be desirable. The sprouts of E. robusta apparently will provide at least two additional timber crops unless some more shade -tolerant tree becomes established as an under story and effectively bars regrowth of future sprouts. We saw one stand of E. robusta where Podocarpus cupressina had invaded very heavily. As mentioned earlier, we also observed an instance in which E. robusta had invaded E. saligna . Hence, we should anticipate that more shade -tolerant or better-adapted species will sometimes prevail over even very vigorous coppice growth within one or two rotations if seed is available, unless the invaders are eliminated.
A possibly beneficial effect of mixing two species of eucalypts was observed in connection with the growth study made in i960 (Pickford and LeBarron) .
In a stand composed of alternate rows of E. saligna and E. resinifera , the E. resinifera had been completely overtopped and none had reached sawtimber size (10. 9 inches d.b.h.). They appeared to have served to crowd and prune the E. saligna while the latter trees were making their principal height growth. Eventual suppression of the E. resinif era acted like a natural thinning and left room for the E. saligna to continue growing.
-15-Foresters of the Forestry Division say that the progeny from Hawaii grown seeds often are hybrids. Almost certainly, wherever crossable eucalypts grow together hybridization will create both problems and opportunities.
In either natural seeding or artificial propagation taxonomy may become hopelessly confused in one or two tree generations. The hybrid swarms may contain both superior and inferior types.
COSTS AND RETURNS
The plan for planting and managing the privately owned and administered Honaunau Forest provides the chief source of information on costs and returns from growing eucalypts. This report (Carlson and Bryan, 1959) should be reviewed for a fuller account and explanation. It and limited data about the State planting program are the basis for most of the information in the remainder of this section. The costs shown above do not include planting stock because the State provided the trees without charge. Cossitt estimated in i960 that in a mechanized nursery with an annual production of 4.5 million trees, stock would cost about $11 to $18 per thousand. From the spacing being used on the Honaunau Forest this would amount to roughly $4 to $7 per acre The present cost of production of stock in the State's several small nonmechanized nurseries is perhaps two to four times as much.
By way of comparison with the cost cited above for the Honaunau Forest, the estimated cost per acre in the State's five-year planting plan is about $65 per acre (Hawaii Forestry Division, 1961 Although roads must be charged to the appropriation for planting , they have permanent value for other purposes. Also, the State will plant almost 600 trees per acre. These differences explain much of the higher outlay.
On the other hand a limited amount of prison labor will be supplied, probably at some saving to project funds. The records and maps of this experimental area are quite complete. For example , they have been used to show the growth at age two years of some faster growing species and the species that did not attain an average height of 5 feet at that age (table 3)-Eucalypts are well represented among the fast starters, but some of them also are included among the species that grew slowly during the first two years after outplanting.
In 1961 several small permanent growth plots were established in various locations on the Island of Hawaii for periodic remeasurement . These will supply the first information on periodic growth to guide forest managers in determining the proper time to harvest for maximum yield. The plots will also supply information on stand structure and plant succession. E. pilularis , E. saligna , E. resinif era , and E. robusta were included among the species sampled. Admittedly, the few plots that were established will supply only limited information. Ultimately many growth plats must be installed. A few spacing studies also were established to determine optimum initial stocking. For eucalypts the spacings to be tried are 8, 10, 12 Probably almost all of the eucalypts which have good potential for wood production are already present in Hawaii. However, a vast array of possibilities exists for research in genetics in the areas of hybridization, provenience, and selection of superior genotypes.
Silvicultural control of wood quality is an unexplored field. Site adaptability needs much more study. Soil deficiencies, soil depletion, and soil amendments have not been studied with respect to eucalypts and other trees. These opportunities for research greatly exceed the possibilities for finding answers quickly unless the research program is greatly accelerated.
PROTECTION
Grazing and forest fires present no serious problems today. Nor are serious parasites known to be present in growing forests. Quarantine regulations on importations are strict and well enforced, but no one knows when some serious parasite of eucalypts may slip in. As mentioned earlier, wind damage may become more severe when harvesting increases.
WOOD USES
Undoubtedly, more attention could and should be given to the study of wood properties. More urgent problems are milling and seasoning practices, development of products that are best suited to the local economic -19-structure, and wood preservation. In this warm humid climate, termites, "boring insects, and /decay organisms destroy logs and many manufactured products-A products research specialist has been assigned "by the Forest Service as part of the cooperative program with the Forestry Division to conduct local studies and maintain contact with the Forest Products Laboratory. They seek to learn how the production of usable water can be maximized. The problem partly is to insure recharging of underground water supplies; partly it is to insure delivery at surface streams and catchments. The watershed research program is interested in such aspects of forest hydrology as (a) fog drip, (b) interception of rain by vegetation, (c) use of soil moisture by vegetation, (d) water infiltration into the soil and how it is affected by vegetational cover and by logging and other land uses, and (e) causes and prevention of soil erosion. The first studies deal with soil compaction and the depletion of soil moisture by several kinds of plant cover, including eucalypts.
-21-
